Abstract The catastrophic eruption of large-volume, crystal-rich silicic magmas is often proposed to be a consequence of reheating, melting and overturn of partially molten, buoyant silicic material following repeated injection of dense, hot mafic magma. To test this ''rejuvenation hypothesis'', we analyze at high spatial resolution 33 examples of deformed interfaces between intrusive mafic and silicic layers in two plutons of the Coastal Maine Magmatic Province, USA. These deformed interfaces are thought to record the buoyant overturn of silicic crystal mush layers, apparently in response to the injection and cooling of hot, dense mafic magmas. We use spectral analysis and scaling theory along with petrologic and textural data to identify, characterize, and understand periodic deformations from the scale of individual crystals (&1 cm) to the thicknesses of mafic and silicic layers. Deformations at the largest scale lengths ([100 m) are at wavelengths comparable to, or greater than, silicic layer thicknesses and support a conjecture that mafic recharge can cause large-scale Rayleigh-Taylor-type overturning of silicic mushy layers. By contrast, the smallest scales of individual crystals probably record effects related to production and buoyancy-driven rise of melt from the tops of silicic mushes in contact with overlying hot basalt, whereas intermediate scales are explained by compaction. Our results constrain the evolution of a thermal rejuvenation event and potentially identify a condition for a large-scale overturn of the magma chamber that may lead to eruption. This work provides the first quantitative field-based constraints on some of the key physical processes inherent to the rejuvenation hypothesis.
Introduction
The occurrences of large-volume ignimbrites (e.g., Bishop (Gilbert 1938) and Fish Canyon (Lipman et al. 1970 ) tuffs) document the scale and severity of events that are among the most arresting of volcanological phenomena. In such explosive caldera-forming eruptions, more than 10 3 km 3 of crystal-rich (30-50 %) magma are erupted over an astonishingly short timescale in the range of days-weeks (Anderson 1991) , and thus, they constitute major threats to global climate and human civilization (Rampino and Self 1992; Self 2006; Bryan et al. 2010) . The magma chamber dynamics giving rise to such events are unclear, but involve effects related to basaltic inputs (Sparks et al. 1977; Mahood 1990; Pallister et al. 1992; Leonard et al. 2002) , which are the focus of state-of-the-art modeling studies (Bachmann and Bergantz 2003; Annen 2008; Huber et al. 2009; Burgisser and Bergantz 2011; Michaut and Jaupart 2011; Karlstrom et al. 2012 ). An important clue to the underlying mechanism is a recent recognition that homogeneity in silicic magma composition at the chamberwide scale is in contrast with striking textural and chemical complexities at the scale of crystals . In addition, widespread petrologic observations from silicic volcanic rocks are indicative of repeated interactions between mafic and silicic magmas (Murphy et al. 2000) and/or an episode of transient heating shortly before eruption Wark et al. 2007 ). These observations include quenched mafic enclaves (Bacon 1986; Murphy et al. 2000) , resorbed and reversely zoned phenocrysts indicative of chemical disequilibrium (Wolff and Gardner 1995; Murphy et al. 2000; Wark et al. 2007) , and scattered silicic holocrystalline xenoliths . Furthermore, mafic and silicic layered plutons are widely recognized features of continental magmatism (Wiebe 1993a ) that display hundreds of interleaved basaltic sheets quenched against silicic cumulate layers. To explain these observations, many studies have addressed the thermal and mechanical aspects of the mingling and mixing of mafic and silicic magmas (Sparks and Marshall 1986; Snyder and Tait 1995; Snyder 2000) .
Together with the interpretation that many mafic-silicic layered intrusions are incrementally constructed by repeated mafic and silicic injections (Wiebe 1993a (Wiebe , b, 1994 Sisson et al. 1996; Wiebe and Collins 1998; Miller and Miller 2002) , petrologic, chemical, and numerical studies have led to the development of the so-called ''rejuvenation model'' (Mahood 1990; Murphy et al. 2000; Bachmann and Bergantz 2003; Wiebe 2004; Wark et al. 2007 ). In this model, silicic magma bodies composed of a touching framework of crystals and interstitial melt (i.e., silicic mushes) are remobilized in response to the injection and spreading of hotter mafic magma. Heat (Sparks et al. 1977; Eichelberger 1995; Huber et al. 2009 ) and potentially volatile transfer (Bachmann and Bergantz 2003) from a crystallizing layer of injected basalt ponded at the floor of a silicic magma chamber can melt, weaken, and destroy the crystalline framework of the underlying, less dense, silicic mush . This could potentially lead to partial or large-scale convective overturn of the chamber (Snyder and Tait 1996; Burgisser and Bergantz 2011) , stirring and magma mixing Huber et al. 2012) , and eruption Burgisser and Bergantz 2011; Huber et al. 2012; Karlstrom et al. 2012) . In this scenario, overturn and mixing may be driven by heating of the resident silicic magma by underplating mafic magma (Huppert and Sparks 1988) or by destabilizing buoyancy effects arising due to density contrasts between the resident and replenishing magmas Huber et al. 2009; Burgisser and Bergantz 2011) .
The viability of the mafic-silicic rejuvenation model is a topic of vigorous discussion. Key data currently missing from the debate, however, are field observations that reliably record effects of the physical processes governing the overturning of silicic material in response to a mafic injection. To address this problem, we analyze in detail apparently well-established kinematic indicators for such rejuvenation events (Wiebe 1993a (Wiebe , 2004 Hawkins and Wiebe 2004) in two plutons of the Coastal Maine Magmatic Province, USA: the Pleasant Bay and Mount Desert Island mafic-silicic layered intrusions (Fig. 1) . These plutons preserve varied magma mingling features indicative of buoyancy effects arising between mafic and silicic magmatic layers (Wiebe 1994; Wiebe and Collins 1998) that are also commonly observed in mafic-silicic plutons worldwide (e.g., Wiebe 1974; Falkner et al. 1995; Bachl et al. 2001; Miller and Miller 2002; Wiebe et al. 2002; Lindline et al. 2004; Pons et al. 2006; Collins et al. 2006) . The remarkable exposure of mafic-silicic interactions occurring over a large range of spatial scales makes the Pleasant Bay and Mount Desert Island intrusions ideal locations to conduct a thorough quantitative study. Within these intrusions, numerous laterally extensive mafic layers of basaltic composition and varying thickness (from 10 cm to upwards of 100 m) overlie layers of silicic cumulate rocks in the range 0.005-[100 m thickness. Sharp interfaces separating the mafic and silicic layers are extensively deformed in a quasi-periodic way in the direction parallel to palaeo-gravity over length scales ranging from the size of a crystal to the basalt or silicic layer depth (Fig. 2) . As the mafic sheets will be denser than the underlying silicic layers (e.g., Wiebe 1993a; Wiebe and Collins 1998), we hypothesize that such features constitute kinematic indicators recording a protracted history of mafic replenishment and subsequent convective overturn, consistent with expectations from the rejuvenation model.
In this paper, we compare the observed quasi-periodic deformation of mafic-silicic interfaces at various length scales with expectations based on classical RayleighTaylor theory for three distinct physical processes: (1) the buoyant and large-scale overturn of a silicic igneous layer, (2) the melting of a silicic mush layer due to heat transfer from an overlying mafic layer, and (3) the compaction of a silicic mush layer by an overlying denser mafic layer. We present a scaling theory for each of these processes, in turn. We then summarize our field observations and analyze these data quantitatively using spectral analysis. These results are compared with theory and we discuss the relationship between observed deformation styles of the maficsilicic interface and petrology of the silicic material. We then compare the characteristic timescales for the development of the three processes occurring during rejuvenation for the range of parameters that may arise in the natural case, in order to build understanding of the sequence of events following a mafic replenishment, from injection to overturn. Finally, we establish a conservative estimate for the thickness of silicic layer necessary to produce a complete overturning event, as this may represent a key precursor of large-scale eruptions.
Theory

Overview
Our hypothesis that buoyancy effects will arise in response to mafic injections can be tested by comparing the deformation we observe at various scale lengths to expectations based on classical Rayleigh-Taylor theory. The problem is defined in Fig. 3 . Hot basalt is envisioned to enter a cold, silicic magma chamber through a dike and spread out as a laminar gravity current over a floor composed of a crystalliquid mush underlying a mobile, crystal-poor silicic magma. Beneath the mafic current is a floor composed of a less dense cumulate ''mush'' in which silica-rich liquid occupies the interstices of a touching framework of feldspar, quartz, and biotite crystals. We do not consider the long-term thermal history of the chamber that gives rise to this effectively viscous pre-existing mush (e.g., Bachmann and Bergantz 2006; Annen 2009; Huber et al. 2009; Burgisser and Bergantz 2011) as it is not uniquely constrained by field observations.
Over the short timescales of basalt injection and spreading, we assume that this mush is sufficiently strong to resist deformation and overturning, consistent with the observed large aspect ratio of the basaltic layers. At longer timescales, however, heat transfer from the basalt will weaken the underlying mush by reducing the effective viscosities of the liquid phase and the solid matrix and by potentially melting back the solid framework. The basalt will progressively sink, depending on the extent of melting, compaction, and large-scale upwelling of the mush (Fig. 3) as time approaches and exceeds the characteristic time for conduction of heat across the mush layer thickness h s or the basalt layer thickness h b (whichever is smaller)
Here, j is the thermal diffusivity, h = h s if h s B h b and h = h b if h b B h s (all symbols used in the text are defined in Table 1 , values of parameters used in our equations are given in Table 2 ).
In the next section, we will show that the processes of melting, compaction, and large-scale overturning of silicic crystal mush layers will evolve simultaneously, albeit at b Geological map of MDI. The mafic-silicic layered unit (GabbroDiorite) is located at the base of the tilted pluton, on the western shore of the island. The Cranberry Island Series (vertical stripes) are contemporaneous deposits of explosive volcanism. c Geological map of PB. Ninety percent of exposed rocks are layered mafic rocks with intercalated silicic layers in rapid succession. a and b modified from Seaman et al. (1995) , c modified from Wiebe (1993b ) Contrib Mineral Petrol (2013 ) 165:1275 -1294 1277 different rates and involving motions acting over distinct length scales. We assume that the evolution of these buoyancy effects ends once the basalt layer becomes too cold or crystal-rich to deform in an effectively viscous way, consistent with the preservation of the otherwise compositionally buoyant silicic upwellings (Fig. 2) . Such a condition is readily met after 3s c , consistent with expectations from solutions to the heat equation for the Fig. 2 Summary of field observations. a Sharply defined maficsilicic interface showing deformation parallel to palaeo-gravity at a range of scales. b Sinusoidal cm-scale deformation on the scale of crystal aggregates (pencil for scale). c Meter-scale deformation of an interface on the scale of the silicic mush layer thickness. d Axisymmetric pipes of silicic crystal mush piercing the upper mafic sheet. Scale bar in a, c and d represents 15 cm. e Examples of mafic-silicic interfaces with deformation at scales ranging from centimeters to meters (interfaces traced in white). f Schematic representation of a typical exposure of a mafic-silicic interface, with the inferred direction of palaeo-gravity, the average silicic and average mafic layer thickness we measured and the baseline chosen to create our digital maps and spatial series. Inset shows the inferred large-scale geometry based on our field study, including linear silicic breakouts (meter-scale) and clusters of axisymmetric silicic pipes (*10 cm diameter) often displaying aligned crystal fabrics solidifying basalt layer along with considerations of the complex rheology of a crystal-rich basaltic layer (Philpotts et al. 1998; Saar et al. 2001 ) undergoing irreversible deformation in response to the upwelling of silicic magma (e.g., Huang et al. 2005) . A further assumption we make is that deformation of the silicic mush during spreading of the basalt layer does not contribute significantly to the shapes of the interfaces we analyze (Snyder and Tait 1995; Wiebe and Collins 1998; Snyder 2000) . A major reason for this omission is that we lack spatial resolution of deformations at the very long wavelengths expected from this process (see ''Quantitative analysis of interfacial deformation'' section).
Buoyancy-driven overturn of a silicic layer (Fig. 3a) The gravitational stability of a layer of dense basalt overlying a buoyant layer of silicic mush can, in principle, be understood with well-established Rayleigh-Taylor theory for viscous fluids (e.g., Lister and Kerr 1989 , and references therein). Following Lister and Kerr (1989) , the key result is that the most unstable wavelength (Fig. 4a )
grows on a timescale for the Stokes rise of a volume of silicic mush through its own thickness (Fig. 5a )
where l b is the effective viscosity of the mafic layer, l s is the effective viscosity of the silicic layer, g is the acceleration due to gravity and Dq is the density difference between the layers. In this problem, the geometric constants P and Q depend primarily on the viscosity ratio (Lister and Kerr 1989) . For l b = l s , the asymptotic values are P = 10.298 and Q = 1.182, where l b ( l s ; P ! 6:22 and Q ! 0:94:
. Some care must be applied when considering the average effective viscosity of each layer: over time, the basalt is solidifying and becoming more viscous and the silicic mush is melting and becoming less viscous. However, the analysis of field data in the ''Quantitative analysis of interfacial deformation'' section shows that the basalt-mush interface is periodically deformed at and above the scale of the layer depth, consistent with Eq. 2. Thus, it is reasonable to assume that s RT ( s c , which implies that the growth rate of the instability that produced these features was sufficiently high at the time they were formed to not be significantly influenced by the time-dependent evolution of the temperature field in both layers. An additional complication is that the long-term preservation of these features probably reflects, in large part, a stress-or strain rate-dependence in the rheology of Buoyancy effects driven by melting ( Fig. 3b) The heat flux delivered from the cooling basalt layer can melt the underlying mush, leading to the production of a 
C b
Specific heat capacity of the basalt J kg
L Latent heat of melting of solid matrix in the mush kJ kg buoyant melt layer. Where this layer grows sufficiently thick, it can become gravitationally unstable and rise into the overlying basalt. The scaling analysis of this class of Rayleigh-Taylor problem is similar in form to the last section. One important difference is, however, that the unstable layer is not imposed as a discrete layer but is produced monotonically in time as a result of a buoyancy flux (i.e., a weight deficiency per unit time) arising through melting at the top of the mush. Following the approach of Kerr (1994) , the most unstable wavelength (Fig. 4b )
will grow on a Stokes rise timescale ( Fig. 5b )
where h m is the critical thickness of the melt layer, l m is the effective viscosity of the melt layer, V m is a melting velocity and Dq m;1 is the density difference between the melt layer and the basaltic layer.
Here, we take the melting rate of a mush with porosity /, to be governed primarily by a balance between the heat flux supplied from the basalt q b and the latent heat L of melting for the solid fraction (1 -/) of the mush (e.g., Jellinek and Kerr 2001; Jellinek and Depaolo 2003) , and thus,
where q sol is the density of the solid matrix in the mush and the symbol * means ''scales as'' or ''is the same order of magnitude as''. The buoyant melt layer thickness is then
where the geometric constant C 1 is an unknown function of the porosity that can be estimated from our data analysis below. It is useful to note that from comparison of Eqs. 5 and 7, and defining Dq m;2 as the density difference between the melt and the solid matrix in the mush, the melt layer thickness
which is the square root of the buoyancy flux. Bachmann and Bergantz (2003) T b°C 1,100
Huppert and Sparks (1988) 
Contrib Mineral Petrol (2013 Petrol ( ) 165:1275 Petrol ( -1294 Petrol ( 1281 To constrain the melting rate, we require an appropriate scaling for the heat flux delivered into the mush, which depends on the presence and vigor of convection in the overlying basalt. A general form for this heat flux is
where K is the thermal conductivity of the mush, T b is the temperature of the basalt, T s is the temperature of the mush, 
-1 (short dashes), 10 0 (solid line) and 10 4 (long dashes). All other parameters are listed in Table 2 and b is a constant. The Rayleigh number measuring the strength of this convection is
where a is the thermal expansion coefficient. For Ra \ Ra cr & 10 3 , b = 0 and the heat flux into the top of the mush is by conduction across the basalt layer. At very high Ra (i.e., Ra [ 10 6 ), experimental and numerical studies (Turner 1980; Martin et al. 1987; Niemela et al. 2000; Jellinek and Manga, 2004; Moore 2008) show the flows are thermally well-mixed and that heat transfer is approximately independent of the layer depth and, thus, b & 1/3 for both laminar and turbulent convection. For intermediate values of Ra, the flows can be complicated but are usually characterized by a heat flux that has a stronger dependence on Ra (Busse 1989) with, for example,
Buoyancy effects driven by compaction (Fig. 3c) A mush underlying a dense layer of basalt can compact through the forced vertical expulsion of buoyant pore fluid to the basalt-mush interface. This buoyancy flux depends on the rate of compaction, which depends strongly on the permeability and effective viscosity of the solid matrix. The condition determining whether compaction will contribute significantly to the deformation of the silicic layer is that the silicic layer thickness be greater than the characteristic compaction length for the mush d com (e.g., McKenzie 1984) . Assuming that the densities of the pore fluid q i and solid matrix in the mush are similar (i.e., that there is negligible convection or compaction within the mush prior to the basalt injection and, thus, q i = q sol \ q b ), this critical condition is:
where k = (d xl 2 /5.6)/ 5.5 (Dullien 1992 ) and l mat = l i e b/ (Scott and Kohlstedt 2006) are the initial permeability and effective viscosity of the solid matrix in the mush of porosity / composed of crystals with average size d xl . The viscosity l sol is the effective viscosity of the fully crystallized silicic layer. Thus, for a given set of physical properties for the mush, the role of compaction will be enhanced for thicker basalt layers. Clearly, both the effective viscosity and permeability of the mush can evolve in a complicated way as a result of progressive heating and melting so this condition is conservative. Nevertheless, provided this critical condition is met, assuming that l mat ) l i compaction will occur at a rate that depends on the upward flow of interstitial fluid. Taking the rise rate of pore fluid to be given by Darcy's law, this compaction rate is
where Dq com ¼ ðq b À q i Þ and l i is the effective viscosity of the interstitial fluid. Compaction will progress over a timescale (Fig. 5c )
with a wavelength (Fig. 4c )
Here, the buoyant layer thickness is now
and C 2 is a geometric constant of order 1 we obtain from our data analysis.
Main model predictions: three processes, three distinct wavelengths and the preservation of buoyancy effects
Melting, compaction, and layer-scale overturning are expected to evolve concurrently, although at differing rates, to produce deformations with distinct length scales (Figs. 4, 5) . Whereas melting may drive buoyancy effects at the scale of individual crystals, compaction and layerscale overturning will act at scale lengths comparable to and larger than the silicate layer depths. We hypothesize that the observed deformation of the mafic-silicic interfaces (Figs. 8, 9 , Supplementary Online Resource) is largely explained as a result of the superposition of effects related to these three processes (Fig. 3d) . The gravitational instabilities discussed above are inherently viscous and thus resulting deformations will relax if the timescale for relaxation is conservatively less than about 3s c . Thus, we make a key assumption that kinematic indicators of motions related to melting, compaction and whole-scale overturning of silicic layers were ''frozen in'' either as a result of the gradual cooling and crystallization of overlying basaltic layers or as a result of the emergence of a yield strength in response to the change in the mush microstructure as strain accumulates during upwelling motions.
Key field observations related to interfacial deformations
Deformed mafic-silicic interfaces are characterized by sinusoidal deformations at the scale of crystals (Fig. 2b) , centimeters to meters (Fig. 2a, c) and can include axisymmetric pipes (Fig. 2d ) (Elwell 1958; Elwell et al. 1960; Chapman and Rhodes 1992; Wiebe 1993b ). Together, these features form a complexly deformed interface over many spatial scales (Fig. 2e) , the 3-D aspect of which is shown schematically in Fig. 2f . It will be useful to define explicitly ''mafic'' and ''silicic'' in this context. Whereas mafic layers are typically basaltic in composition, silicic layers can be dioritic, granodioritic or granitic (Wiebe 1993b ). In addition, silicic upwellings can be either crystalpoor ''silicic melt'' or crystal-rich ''silicic mush''. Consistent with previous studies (Wiebe 1993b) , we infer that whereas silicic mushes represent original mixtures of crystals and trapped interstitial liquid, silicic melts reflect primarily the interstitial liquid alone. A plausible interpretation for the separation of this melt from the original mush is filter-pressing due to the weight of overlying basaltic magma. The sequential movement of crystal mush and silicic melt is well illustrated by Interface 20 (Fig. 6) . Within a few cm of the basaltic layer, the underlying dioritic crystal mush has a well-developed planar fabric parallel to the convex-downward lobes of the mafic layer (gabbro). This fabric formed as the gabbroic material sagged downward. More leucocratic crystal mush (enriched in interstitial melt) is concentrated in the higher projections of the dioritic mush (right side of Fig. 6 ). There, diorite is distinctly more leucocratic between the smaller mafic down-sags. The prominent, highly felsic (and locally pegmatitic) areas are concentrated in the highest points between the larger-scale basaltic lobes. This was apparently melt-rich material that was concentrated after the gabbro became solid enough to fracture, since it feeds sharply defined veins that project upward into the gabbro. Wiebe (1993b Wiebe ( , 1994 has documented a wide variety of features along the mafic-silicic interfaces of the Pleasant Bay and Mount Desert Island layered intrusions. Away from the interfaces, medium-grained mafic rocks are olivine gabbros with subordinate hornblende and minor biotite. Close to the margins, the mafic rocks are very finegrained, commonly with spherulitic clusters of high aspect ratio plagioclase and much more abundant hornblende, due presumably to influx of H 2 O from the adjacent felsic layer (Wiebe 1993b (Wiebe , 1994 . Dioritic rocks in the Pleasant Bay layered intrusion are dominated by plagioclase with subordinate, though varying proportions of clinopyroxene, hornblende, biotite, Fe-Ti oxides and apatite. Although diorite is the dominant felsic rock type, there are local areas that grade to monzodiorite and granodiorite, and along the interfaces with overlying gabbro commonly grade to minor patches and veins of fine-grained to pegmatitic granite. Wiebe (1993b) provides more thorough petrographic descriptions of the highly varied rocks. In the Mount Desert Island layered intrusion, the felsic rocks interlayered with the chilled mafic sheets commonly grade upward from dioritic and granodioritic rocks to coarse-grained biotitehornblende granite (Wiebe 1994) . In both intrusions, feldspars in dioritic and granitic rocks within a few cm of overlying gabbro are commonly partly resorbed, deformed and recrystallized.
Mineral alignments over vertical scales comparable to the associated wavelength of interfacial deformations are observed in silicic mush and silicic melt structures (Fig. 7) . These alignments plausibly record the accumulation of shear strains related to the flow of mush and/or interstitial liquid into nascent gravitational instabilities driven by the buoyancy effects identified in the ''Theory'' section.
Bearing in mind these compositional and textural distinctions, we selected 33 mafic-silicic interfaces from the Pleasant Bay and Mount Desert Island plutons with a range of silicic/mafic layer thickness ratios (h s /h b = 0.2-88). The average thickness of the mafic and silicic layers was determined in the plane normal to igneous layering and parallel with palaeo-gravity. We produced digital maps of each deformed interface by stitching high-resolution digital photographs taken along strike (Fig. 8a, b) . The 33 digital maps are compiled in the Supplementary Online Resource accompanying this manuscript. Discrete spatial series of the deformation along strike were obtained by manually Fig. 6 Example of a maficsilicic interface displaying noticeably more leucocratic to pegmatitic silicic material (silicic melt) at the cusps of upwellings (silicic mush) and a planar fabric aligned with down-sagging mafic lobes tracing the reconstructed interfaces from the digital maps and sampling the tracing at regular intervals. The periodic sinusoidal components constituting the interface (i.e., the wavelengths of deformation) are then determined from spectral analysis as will be discussed in the following section.
Quantitative analysis of interfacial deformation
Spectral analysis
Spectral analysis of the deformed mafic-silicic interfaces allows us to deconvolve the complex deformations observed in the field into their periodic components, which are compared with theoretical predictions from the ''Theory'' section, in turn. However, a challenging aspect of the field data analysis is that in many cases, sinusoidal deformations occur with peak to peak wavelengths k comparable to or longer than the length of the exposure L e (Fig. 9) . In addition to limiting resolution at long wavelengths, these large-scale trends can impede resolution at short wavelengths. Consequently, we use separate algorithms to analyze long (k C L e ) and short (k \ L e ) wavelengths. When evaluating long wavelengths, we first identify those interfaces where the length of the exposure is less than the wavelength expected from Eq. 2 (i.e., k B h s ). For the interfaces that do not meet this condition, we identify by eye large-scale periodic trends at and beyond the scale of the exposure and fit a monochromatic sinusoid accordingly to establish an upper bound for the longest sinusoidal wavelength (i.e., the fundamental mode), in this case the length of the data only permits k max & L e or k max & 2L e (Fig. 9) . For cases where k max [ 2L e , we take 2L e as the fundamental mode and recognize that this value may strongly underestimate k max .
To resolve short wavelengths (k ( h s ) and intermediate wavelengths (k ? h s ), we difference the data to increase resolution at small length scales. We calculate the power spectrum using Welch's method (Welch 1967) , which averages the periodograms of overlapping cosine-tapered sections of the data. Our maximum spectral analysis resolution, limited by the Nyquist frequency of our photomosaic sampling, is 0.002 m on average (about 10 % of a typical crystal size). We take 0.003 m as a conservative bound for the resolved scales at all interfaces. Non-differenced and differenced spectra corresponding to each interface are shown in the supporting online information.
Comparison with theory
We compare the results of the spectral analysis with predictions for the wavelengths of buoyancy effects related to layer-scale overturning, melting, and compaction identified in the ''Theory'' section (Figs. 10, 11) . Theoretical wavelengths depend on the viscosity variations between the silicic and mafic material. Here, we apply a range of plausible viscosity ratios consistent with limitations imposed by the spectral analyses. We will apply additional petrologic constraints on the appropriate viscosity ratios in a more complete discussion in the following section.
Deformations at and above the scale of the silicic layer depths (i.e., the longest wavelengths) are consistent with Eq. 2 (Fig. 10) . By contrast, at the smallest scales comparable to the size of crystals, deformation scales are independent of mafic layer thickness, consistent with theoretical expectations from Eq. 4 with b = 1/3 (Martin et al. 1987) (Fig. 10) . Assuming a porosity of 40-50 %, the majority of the intermediate-scale data are consistent with predictions using Eq. 14 assuming / = 0.4, with the largest h b /h s data best explained with / = 0.5 (Fig. 11) .
Discussion
Links between deformation style and petrologic characterization
We combine the petrologic characterization of silicic upwellings outlined previously with our long, intermediate, and short wavelength data in turn. Figure 10 shows that, except for very thin silicic layers (a few cm thick), deformation at the scale of the layer depth generally corresponds to upwellings composed of silicic cumulate, consistent with a picture of whole-scale overturning of the silicic mush layer. At smaller scales, however, complicated deformations predicted to arise in response to melting and compaction of the silicic layer involve upwellings composed of both silicic melt and mush. This is plausibly consistent with the effects of melting back the solid matrix and expulsion of pore fluid during compaction, which may have occurred simultaneously (Figs. 10, 11 ). Melting and compaction are both processes that disaggregate crystal mush into variably sized packets ranging from crystal-poor fluid to crystal-rich mush. Thus, the appearance of silicic mush and silicic melt upwellings at intermediate and small scales is unsurprising and consistent with expectations from the ''Theory'' section.
Evolution of a rejuvenation event inferred from field data
We show that the deformed mafic-silicic interfaces of the Coastal Maine layered plutons preserve three deformation scales explained by three distinct physical processes: short wavelength upwellings are at the scale of crystals (0.003-0.013 m), consistent with buoyancy effects driven by melting of the silicic layer; intermediate wavelength deformations (0.04-0.49 m) are consistent with buoyancy effects driven by compaction of the silicic mush layer; and long-wavelength upwellings are at the scale of the full thickness of the silicic layer (0.24-29.901 m), driven by large-scale buoyant overturn of the mush. Each interface is, however, a time-integrated snapshot of the supra-solidus deformation processes that created it. Thus, an obvious question is the nature of the evolution of such a system to the preserved state observed in the field.
The evolution of rejuvenation depends on the relative timescales over which each deformation process acts (Fig. 5) , compared to the timescale for basalt solidification. All three processes are active concurrently but evolve over distinct timescales. We expect long wavelengths related to the large-scale overturn of the silicic layer to develop almost immediately for the thickest silicic layers (h s * 3 m) if initially l b /l s \ 1, and up to several weeks after the basaltic injection for the thinnest silicic layers (h s * 10 (Fig. 5a ). By contrast, we expect short wavelengths related to melting of the underlying silicic mush to develop within an hour (if l b /l m \ 1) to several hours (if l b /l m [ 1) of the injection of the basaltic layer (Fig. 5b) . Finally, for the observed range of h b /h s , we expect compaction of the silicic layer to develop after *11 days if this ratio is low (h b /h s * 10 -1 ) and l b /l i [ 1. If the ratio of mafic to silicic layer thickness is high (h b /h s * 10 2 ) and l b /l i \ 1, we expect these wavelengths to develop only a few hours after the injection of the basaltic layer.
Because solidifying basalt becomes more viscous with time and melting silicic mush less viscous, the viscosity ratio l b /l s can evolve from much \1 to values that are very large. This expectation is reflected in the 4 order of magnitude viscosity variation required to explain particularly the intermediate-and long-wavelength data in Figs. 10 and 11. Additional anecdotal support for this range comes from the field observations of the morphology of the silicic melt and mush upwelling structures. Olson and Singer (1985) and show that upwelling material will take the form of sheets or diapirs if l b /l s B O(1), where the notation O(1) means ''order of magnitude 1''. In contrast, if l b /l s [ O(10 2 ), upwellings are expected to have large, spherical heads and narrow axisymmetric trailing tails (i.e., cavity plumes) (e.g., Whitehead and Luther 1975; Olson and Singer 1985; Jellinek and Manga 2004; Thayalan et al. 2006 ), analogous to the pipes shown in Fig. 2 . From the two-dimensional and limited three-dimensional exposures available (e.g., Figs. 2, 7) plausible viscosity ratios vary
, consistent with our model calculations in Figs. 4 and 5 .
From these considerations, we suggest several ways in which the deformation of the interface may evolve (Fig. 12) . For example, where the silicic layer is thin relative to the basaltic layer (h b /h s * 10 2 ) and l b /l s \ 1, melting of the silicic layer will lead to the formation of upwelling diapirs at the scale of crystals in a matter of hours. Buoyancy effects related to the melting, compaction, and overturn of the silicic layer evolve over similar timescales on the order of 1-10 h. Where l b /l s [ 1, short wavelengths will develop in &7 h, intermediate wavelengths after &11 days, and long wavelengths after &23 days. In this case, we expect the deformation of the interface to be dominated by wavelengths at small and intermediate scales. In the case where the silicic layer is thick relative to the basaltic layer (h b /h s * 10 -1 ) and l b /l s \ 1, large-scale wavelengths related to the buoyant overturn of the silicic layer may develop immediately or within minutes of the injection of the mafic layer. The development of wavelengths related to the melting of the silicic layer will follow after &1 h, and those related to compaction will develop after several days. We expect the deformation of the interface to be dominated by the long-wavelength component of deformation in this case. In the case where l b /l s [ 1, the long wavelengths related to buoyant overturn of the silicic layer will develop first after &25 min, followed by short wavelengths related to melting after &7 h and finally, intermediate wavelengths related to compaction after &16 h. In this case again we expect the deformation of the mafic-silicic interface to develop at short, intermediate, and large-scale wavelengths. Figure 12 may be used to determine an appropriate viscosity ratio for a mafic-silicic interface based on the dominant wavelengths and layer thickness ratio observed in the field. Fig. 12 Field guide illustrating the timescales for melting, compaction, and overturn, the dominant wavelengths expected and the field appearance of a deformed mafic-silicic interface for a given set of initial conditions. This chart may be used to determine an appropriate viscosity ratio for a mafic-silicic interface based on the dominant wavelengths and layer thickness ratio observed in the field A minimum condition for complete overturning: a potential eruption trigger?
An important issue to consider is the extent to which the buoyancy effects we analyze influence the potential for magma chamber eruption. That is, can the buoyancy fluxes associated with the various upwelling flows we identify somehow contribute to the overlying magma chamber dynamics or stability? A plausible basic condition for these dynamics to contribute to the triggering of a large eruption is that mafic injection and thermal rejuvenation of an underlying mush layer cause an overturning event where some or all of the volume of the silicic mush layer passes through the overlying dense basalt and into an overlying magma layer expected to be relatively free of crystals (Huppert and Sparks 1988) . There are two main effects of such an overturning. First, depending on its rheology and temperature, this additional volume of new material will augment the strength of any convection in the silicic magma above the mafic layer, which is a very strong function of the layer depth (e.g., see the form of Eq. 10), enhance mixing (Huber et al. 2012) , and potentially drive additional melting and remobilization elsewhere in the chamber (Huppert and Sparks 1988; Burgisser and Bergantz 2011) . A second and potentially more important effect, however, is that the input of silicic material from below will contribute to the buoyancy of the mobile magma above the mafic layer, which can overturn into overlying and effectively more viscous silicic mush forming the roof of a chamber to drive a catastrophic, chamberscale eruption (Burgisser and Bergantz 2011) .
Although the data analyzed in the two previous sections record incomplete or ''failed'' overturning events, field evidence for complete overturn does occur in the form irregularly distributed silicic mush ''breakouts'' through overlying mafic sheets (Wiebe 1993a) . Heuristically, for an upwelling to grow in amplitude to the scale of a mafic layer thickness the timescale for overturn must be critically smaller than the timescale for cooling of this mafic layer. Figure 13 compares the timescales for cooling of the mafic sheet and the timescale for overturn of the silicic layer for the range of observed silicic layer thicknesses and an effective viscosity ratio of 10
0 . An absence of data for silicic layer thicknesses greater than about 5 m [i.e., O(10) m] suggests a lower bound for the critical silicic layer thickness for complete overturn. A dynamical criterion for overturn is given by the intersection of solutions for 10 -6 s c and s RT at h s crit % 5 m: The ratio of these timescales gives a critical Rayleigh number for overturn, which we define to be Ra ot cr = s c /s RT [ 10 6 . Thus, our results suggest that the silicic layer thickness h s must be CO(10) m for overturning to occur.
Some support for this critical condition is suggested from outcrops on Mount Desert Island (Stewart Head) where Wiebe (1994) observes a single large diapir of granite (&25-50 m diameter) that breaks through a &50 m-thick gabbroic layer. Indeed, the exposed thickness of granite below the gabbro layer is only a few meters thick, which implies that most of the original felsic cumulate beneath the gabbro was rejuvenated and returned to the overlying silicic magma chamber. Further support is apparent in the granite from the nearby Vinalhaven pluton, also of the Coastal Maine Magmatic Province, where comparable mafic sheets and mafic-silicic interactions occur (Fig. 14) . At the southern tip of Greens Island, a C20 m-thick basally chilled mafic layer rests on granite that is [100 m thick. Quasi-periodic breakouts of this granitic material through the overlying mafic layer occur with a mean wavelength of &25 m (Fig. 14a, arrows) . The upwelling of silicic mush to form these breakouts was accomodated by a downward settling of the mafic layer to form &10-20 m deep lobes (Fig. 14b, arrows) .
A curious characteristic of the Vinalhaven breakouts is that flow into these upwellings involved only a modest fraction (i.e., B25 %) of the silicic mush thickness. This observation suggests that mobilizing thicknesses of mush much greater than O(10) m through a Rayleigh-Taylor mechanism is challenging. One reason to expect such a small fraction of the full mush thickness to be involved in a convective overturn is that compaction of this mush beneath a mafic layer (c.f. ''Theory'' section) will produce an exponential decline in porosity with depth (McKenzie 1984; Shirley 1987 ) and a similarly large increase in effective viscosity (Scott and Kohlstedt 2006) as well as yield strength (Wildemuth and Williams 1984; Hoover et al. 2001; Hodge et al. 2012) . Thus, in a way akin to stagnant lid convection in variable viscosity Newtonian (Davaille and Jaupart 1993; Solomatov 1995; Jellinek and Manga 2004) and Non-Newtonian fluids (Solomatov 1995; Solomatov and Moresi 1997) , only the mush that can be deformed over the timescale of an emergent RayleighTaylor instability is involved in the flow. To deform larger thicknesses of mush would require larger driving stresses and/or mechanical failure of the mush structure (Karlstrom et al. 2012 ). An additional important remark is that similar gradients in rheology, including a yield strength that increases to be comparable to the buoyancy stresses involved in a Rayleigh-Taylor-like overturn, has also been inferred for the Vinalhaven granite from analyses of steep schlieren around dense enclaves as well as the size distribution and preserved vertical position of these enclaves (Wiebe et al. 2007 ).
Our results suggest that mobile silicic mush layers C10 m thick will be sufficiently unstable to overturn comparably thick overlying mafic layers. The Vinalhaven observations (Fig. 14) (Wiebe et al. 2007 ) and our rheological inferences suggest that such an instability is unlikely to contribute much more than an O(10) m thickness of mush to the mobile silicic magma overlying a mafic layer. The possibility that complete overturns will deliver such a thickness of mobilized silicic mush to the overlying magma may, however, be important for the magma chamber dynamics leading to eruption. Burgisser and Bergantz (2011) show, for example, that such thicknesses of mobile material ponded above a mafic layer can be sufficiently gravitationally unstable to drive chamber-scale overturning events, which may lead, in turn, to catastrophic eruption. These authors argue that the timescale of this mechanism and the composition of the resulting erupted material are consistent with recent events at Mount Pinatubo and Soufriere Hills. We are, thus, left to speculate that where rejuvenated silicic mush can overturn an overlying mafic layer, there is a strong likelihood of eruption.
Concluding remarks
This study is a first attempt to establish quantitative and statistically meaningful field constraints on the occurrence, mechanics, and evolution of silicic rejuvenation events driven by injections of relatively hot, mafic magma. We have used spectral analysis and scaling theory along with petrologic observations to characterize and understand periodically deformed interfaces separating mafic and silicic layers in the Pleasant Bay and Mount Desert Island mafic-silicic layered intrusions. Bearing in mind the limitations and assumptions in our theory, as well as the uncertainties in our field data analysis, our results support a hypothesis that the rejuvenation of silicic mush layers beneath injections of hot, dense mafic magmas involves buoyancy effects related to melting, compaction, and layerscale overturn, which act concurrently, albeit over distinct time and length scales. Whereas melting weakens the underlying silicic mush layer and drives the convection of pore fluid to produce deformations at the scale of individual crystals or crystal aggregates, compaction disaggregates the mush and drives the upwelling of pore fluid and fragmented mush material to produce deformations at the larger scale of the compaction length. Emergent Rayleigh-Taylor instabilities acting to overturn the buoyant silicic layer as a whole lead to deformations at the largest scales, comparable to the silicic layer depths. Finally, the mafic-silicic interfaces we analyze in the Pleasant Bay and Mount Desert Island plutons represent instances of failed or incomplete overturning-these kinematic indicators would not otherwise be preserved. However, we are able to use our longest-wavelength data along with field observations indicating the complete overturn of silicic mush from the nearby Vinalhaven granite to identify a critical silicic mush thickness of order 10 m for such an event to occur. Applying the results of a recent modeling study (Burgisser and Bergantz 2011) , we speculate that where such a condition is met, overturning and the release of this thickness of mush into the overlying magma chamber may lead to catastrophic eruption.
